Abstract. The first large-scale calculations of relativistic radiative transition probabilities from the Iron Project is reported for dipole allowed and intercombination (E1) transitions in Li-like Fe XXIV and He-like Fe XXV. The ab intio calculations are carried out in the close coupling approximation using the Breit-Pauli R-matrix method in intermediate coupling characterized by SLJ, with total (2S + 1) = 2,4, L = 7, J = 1/2 − 11/2 even and odd parity, for Fe XXIV, and with total (2S + 1) = 1,3, L = 9, and J = 0 − 4 for Fe XXV. The eigenfunction expansions for the target ions include 13 levels up to the n = 3 for Fe XXV, and 16 levels up to the n = 4 for Fe XXVI, respectively. The calculated number of bound levels, 83 for Fe XXIV and 138 for Fe XXV, is much larger than experimentally observed. The level energies are in good agreement for the common levels. All dipole and intercombination fine structure transitions involving the calculated bound levels up to n = 10 and = 5 or 6 are considered. Oscillator strengths, line strengths, and Einstein A-coefficients are tabulated for 802 transitions in Fe XXIV and 2579 transitions in Fe XXV. The results compare well with limited subsets of transitions considered in previous works including fully relativistic and QED corrections. Additional comparisons between the length and the velocity formulations indicate an overall accuracy between 1 − 10%. The range of uncertainty is indicative of the relatively small influence of atomic effects, such as the two-body Breit interaction terms and finite nuclear mass term, that are not included in the Breit-Pauli approximation employed in the present calculations. The extensive set of data is expected to be useful in the analysis of X-ray and XUV spectra from astrophysical sources 1 .
Introduction
Extensive and accurate datasets for radiative transitions in atomic species are required for studies of many astrophysical and laboratory plasma sources. These range from diagnostics of specific spectral features to the calculation of mean opacities of stellar and non-stellar astronomical objects. Previous calculations of large radiative datasets were carried out under the Opacity Project (hereafter OP; 1995 , and have been archived in the electronically accessible database TOPbase by C. Mendoza and collaborators (Cunto et al. 1993) . However, the non-relativistic OP calculations were in LS coupling and for dipole allowed transitions; fine structure transitions within the LS multiplets, and intercombination type transitions, were not considered. The OP datasets, primarily intended for the calculation of mean stellar opacities, are therefore of limited value for diagnostic purposes involving the analysis of observed transitions between fine structure levels. For light elements, and for low ionization stages, the OP datasets for a number of ions have been reprocessed to obtain fine structure oscillator strengths through purely algebraic transformation of line strengths (often utilising observed energies for improved accuracy). Among such works is the recent compilation of transition probabilities at the U.S. National Institute for Standards and Technology (NIST) for C, N, O ions (Wiese et al. 1996) . Similarly, fine structure oscillator strengths have been obtained (using experimental level energies where available) for Fe II (IP.VII, Nahar 1995), Fe III (IP.XVII, Nahar and Pradhan 1996;  this work also includes forbidden transitions), Si II (Nahar 1998) , S II (Nahar 1997) , and Si-ions Si I, S III, Ar V and Ca VII (Nahar 1993) .
In addition to the non-relativistic fine structure oscillator strengths derived from the OP data in LS coupling, several relativistic calculations for forbidden (E2, M1) and intercombination transitions have been reported by members of the Iron Project (IP.I, Hummer et al. 1993 ) using the Breit-Pauli mode of the atomic structure code SUPERSTRUCTURE (Eissner et al. 1974; Eissner 1991 Eissner , 1998 . The latter works include: transition probabilities for forbidden lines in Fe II (IP.XIX, Quinet et al. 1996) , radiative rates for forbidden transitions within the ground state configurations of ions in the carbon and oxygen isoelectronic sequences (IP.XXII, Galavis et al. 1997) , transitions within the n = 2 complex in ions of the boron isoelectronic sequence (IP.XXIX, Galavis et al. 1998) , and intercombination transitions in the carbon isoelectronic sequence (IP.XXXIII, Mendoza et al. 1998) . A complete list and abstracts of IP papers can be found at http://www.am.qub.uk/projects/iron/papers/. Information on other radiative calculations by the authors and collaborators, including photoionization and recombination of ions of iron and other elements, can be found at http://www-astronomy.ohio-state.edu/∼pradhan/.
The Iron Project work has so far concentrated primarily on collisional excitation of atomic ions including relativistic effects using the Breit-Pauli R-matrix (BPRM) method. However, analogous to the earlier LS coupling OP codes (Berrington et al. 1987) , the BPRM atomic collision codes extended and developed for the IP, (Scott & Taylor 1982; Hummer et al. 1993; Berrington et al. 1995) can also be employed for radiative work. The present work represents the first such IP effort for systematic and large-scale calculation of transition probabilities, akin to the earlier OP work (Seaton et al. 1994) . We describe the calculations, together with the nomenclature and formats used to identify the transitions and tabulate the data. The accuracy is ascertained from the overall level of agreement between the length and the velocity forms of the oscillator strengths, as well as by comparisons with previous calculations for more limited but accurate data.
Theory
As described in IP.I (Hummer et al. 1993) , the basic methods are derived from atomic collision theory and the coupled channel approximation or the close coupling (CC) method. The computational method is based on the powerful R-matrix formalism that enables efficient, accurate, and large-scale calculations of compound (bound and continuum), state wavefunctions of the (e + ion) system at all positive or negative energies (in accordance with the terminology of collision theory the "ion" core is often referred to as the "target ion"). At positive energies the "channels", characterized by the spin and angular quantum numbers of the (e + ion) system, describe the scattering process with the free electron interacting with the target ion. However, at negative total energies of the (e + ion) system, the solutions of the close coupling equations occur at discrete eigenvalues of the (e + ion) Hamiltonian that correspond to pure bound states (all scattering channels are then "closed"). The positive and negative energy solutions yield many atomic parameters of practical interest: electron impact excitation cross sections, photoionization and recombination cross sections, and radiative transition probabilities. The non-relativistic (N + 1)-electron Hamiltonian for the N -electron target ion and a free electron is
Relativistic effects are incorporated into the R-matrix formalism in the Breit-Pauli approximation with the Hamiltonian
where H N +1 is the non-relativistic Hamiltonian defined by Eq.
(1), together with the one-body mass correction term, the Darwin term and the spin-orbit term resulting from the reduction of the Dirac equation to Pauli form. The mass-correction and Darwin terms do not break the LS symmetry, and they can therefore be retained with significant effect in the computationally less intensive LS calculations. Spin-orbit interaction does, however, split the LS terms into fine-structure levels labeled by Jπ, where J is the total angular momentum. In the coupled channel or close coupling (CC) approximation the wavefunction expansion, Ψ(E), for a total spin and angular symmetry SLπ or Jπ, of the (N + 1) electron system is represented in terms of the target ion states as: where χ i is the target ion wave function in a specific state S i L i π i or level J i π i , and θ i is the wave function for the (N + 1)th electron in a channel labeled as
i is the incident kinetic energy. In the second sum the Φ j 's are correlation wavefunctions of the (N + 1) electron system that (a) compensate for the orthogonality conditions between the continuum and the bound orbitals, and (b) represent additional short-range correlation that is often of crucial importance in scattering and radiative CC calculations for each SLπ. In the relativistic BPRM calculations the set of SLπ are recoupled to obtain (e + ion) states with total Jπ, followed by diagonalisation of the (N + 1)-electron Hamiltonian, i.e.
The oscillator strength (or photoionization cross section) is proportional to the generalised line strength (Seaton 1987) defined, in either length form or velocity form, by the equations
and
In these equations ω is the incident photon energy in Rydberg units, and Ψ i and Ψ f are the wave functions representing the initial and final states respectively. The boundary conditions satisfied by a bound state with negative energy correspond to exponentially decaying partial waves in all "closed" channels, whilst those satisfied by a free or continuum state correspond to a plane wave in the direction of the ejected electron momentumk and ingoing waves in all open channels. Using the energy difference, E ji , between the initial and final states, the oscillator strength, f ij , for the transition can be obtained from S as
and the Einstein's A-coefficient, A ji , as where α is the fine structure constant, and g i , g j are the statistical weight factors of the initial and final states, respectively. In terms of c.g.s. unit of time,
where τ 0 = 2.4191 10 −17 s is the atomic unit of time. The BP Hamiltonian in the present work (Eq. 2) does not include the full Breit-interaction in that the two-body spin-spin and spin-other-orbit terms are not included. A discussion of these terms is given by Mendoza et al. in a recent IP paper (IP.XXXIII, 1998) . Their study on the intercombination transitions in C-like ions shows that the effect of the two-body Breit terms, relative to the onebody operators, decreases with Z such that for Z = 26 the computed A-values with and without the two-body Breit terms differ by less than 0.5%. However, the differences towards the neutral end of the C-sequence is up to about 20%. For the few-electron systems it is possible to calculate transition energies and probabilities including electroncorrelation, relativistic, and QED effects. Several investigators have done very elaborate ab intio calculations. Highly accurate calculations for transition probabilities have been carried out by Drake (1979 Drake ( , 1988 , Lin et al. (1977a,b) to these latest works, relativistic calculations have been done using perturbation theory and the 1/Z expansion method by Vainshtein & Safronova (1985) for He-like and Li-like ions. The calculations by Drake (1988) on the Hesequence include quantum electrodynamic (QED) corrections (screened nuclear charge for the Bethe logarithm) in a more accurate manner than the earlier works. In an elaborate relativistic calculation, using many-body perturbation theory up to third order, Johnson et al. (1996) obtain transition probabilties for a few transitions in Fe XXIV. In the work on Li-like ions, Yan et al. (1998) employ a fully correlated Hylleraas-type variational method and relativistic corrections derived from the relativistic many-body perturbation theory by Johnson et al. (1996) . Yan et al. (1998) investigate both the relativistic and the finite nuclear mass corrections and show those to be important for high accuracy. The slight differences between the calculations by Yan et al. (1998) and earlier work by Johnson et al. (1996) are attributable essentially to the nuclear term not included in the latter calculations. In addition, multi-configuration Dirac-Fock (MCDF) calculations, that include the relativistic one-body operators exactly but not the Breit terms, have been carried out by Cheng et al. (1979) . Other previous works are also discussed later. We compare with available data from previous calculations. The agreement between the present values and these previous calculations shows that the relativistic and QED terms omitted from the BP Hamiltonian (Eq. 2) do not affect the transition probabilities of the highly charged ions considered herein by more than a few percent -the accuracy sought in the present large-scale calculations intended for applications in laboratory and astrophysical plasmas.
Atomic calculations
The Breit-Pauli R-matrix calculations are carried out using an eigenfunction expansion for Fe XXIV↔ (e + Fe XXV) containing 13 fine structure levels from configurations, 1s
2 , 1s2s, 1s2p, 1s3s and 1s3p of the core ion Fe XXV (Table 1) . For Fe XXV↔ (e + Fe XXVI) the expansion contains 16 levels corresponding to the hydrogenic orbitals 1s, 2s, 2p, 3s, 3p, 3d, 4s, 4p, 4d, and 4f of Fe XXVI (Table 1 ). The orbital wavefunctions of the target are obtained using the atomic structure code SUPERSTRUCTURE (Eissner et al. 1974) which are input for the BPRM codes (Hummer et al. 1993) . Table 1 lists the target level energies which are obtained from stage RECUPD which reconstructs the target states developed from SUPERSTRUCTURE.
The BPRM codes (also called the RMATRX1 codes; Berrington et al. 1995) from the IP, consisting of several stages similar to those in the OP codes (Berrington et al. 1987) , are used for computations of the oscillator strengths for bound-bound levels. For each Jπ of Fe XXIV, all possible combinations of doublets and quartets of Fe XXIV with L ≤ 7 and l ≤ 9 are included, and to those of Fe XXV, singlets and triplets of Fe XXV with L ≤ 5 and l ≤ 9 are included. The level energies of Fe XXIV and Fe XXV are obtained from the code STGB of the BPRM suite of codes. As the bound levels are scanned out by the effective quantum numbers ν through the poles in the (e + ion) Hamiltonian, the mesh for ν should be fine enough to avoid any missing levels and to obtain accurate energies for the higher levels. For example, for Fe XXV, ∆ν = 0.01 is adequately fine for the lower levels, but it is necessary to refine it to 0.001 in order to obtain a number of the higher energy levels for J ≥ 2.
The large number of bound levels yield very large sets of fine structure transitions for both Fe XXIV and Fe XXV. The code STGBB of the BPRM codes computes the gf -values for the bound-bound transitions. The transitions are identified by the "good" quantum numbers Jπ only. The datasets are processed, following the NIST format, for oscillator strengths (f -values), line strengths (Svalues) and transition probabilites (A-values) using a code BPRAD (Nahar, unpublished) . The format is similar to that used for the OP data (OP 1995) in that the energies and transitions are labeled by level indices.
Identification of the calculated energy levels is a major task for BPRM calculations since a large number of energy levels are generated (and indeed exist). The BP Hamiltonian matrix yields energies corresponding to the different J-values. While STGB of the R-matrix codes from the Opacity Project is capable of sorting out the possible configurations contributing to a given LS term, the BP version of the code does not link the J-values with the corresponding LS terms and configurations, making the task of level identification difficult. The problem is particularly acute in the BPRM calculations since many levels may be very closely spaced within a small range of effective quantum number but corresponding to different interacting Rydberg series. This problem is not too severe for the highly charged ions under consideration in this work, since the Rydberg series can be relatively easily identified. For example, the total J = 2 o (odd parity) levels in Fe XXV correspond to the two Rydberg series 1snp and 1snf . For each ν there are two bound states; for example, for ν ≈ 4.0 there are the 1s4p 3 P o (J = 2) and 1s4f 3 F o (J = 2) levels. For more complicated atomic systems however, such as the ongoing BPRM intermediate coupling calculations for Fe V (e + Fe VI), the interacting Rydberg series problem is far more complex, and level identifications are much more difficult, since many levels corresponding approximately to the same ν lie close together (Nahar & Pradhan, in preparation) . The energy levels of ions in the present work have been identified by matching the J-values with the possible combination of total spin multiplicity and total orbital angular momentum of the ion whose LS term is derived, in turn, from combinations of the target term S i L i and angular momentun of the outer electron i . The target S i L i is determined from the spectroscopic configurations included in the eigenfunction expansion, and the n and l quantum numbers of the outer electron are determined from its effective quantum number. Hund's rule is followed to identify the positions of levels, e.g. the triplets lie below the singlets of same L, π and configuration of He-like ions. The code BPRAD is written to process these data for complete identification of energy levels and corresponding transitions.
Results and discussions
The BPRM intermediate coupling calculations in principle, and the present work in particular, should yield all possible atomic energy levels. We have obtained 83 bound fine structure levels of Fe XXIV in the range of SLJ with total spin multiplicity (2S + 1) = 2,4, total orbital angular momentum, L ≤ 7, with total angular momentum, J = 1/2 − 11/2, even and odd parities, and 138 of Fe XXV in the range of SLJ with total (2S + 1) = 1,3, L = 9, and J = 0 − 4, even and odd parities. These numbers far exceed the observed or previously calculated ones. Accuracy of the energies is checked against the observed values from NIST (Sugar & Corliss 1985) . All 23 observed bound levels of Fe XXIV and 25 of Fe XXV have been identified in the calculated dataset and are compared in Table 2 . The calculated energies of both Fe XXIV and Fe XXV agree very well with the observed ones, differing by less than 1% for all levels (the accuracy may not be quite so good for more complicated atomic systems). These are the most detailed close coupling calculations for the two ions. The complete energy levels of Fe XXIV and Fe XXV are presented in Tables 3 and 4 respectively where they are listed in terms of Jπ quantum numbers.
We obtain the transition probabilities for 802 transitions in Fe XXIV and for 2579 transitions in Fe XXV. These correspond to both dipole allowed and intercombination transitions in intermediate coupling. The two forms of oscillator strengths, length (f L ) and velocity (f V ), show less than 10% difference for almost all transitions. Figures 1a,b display f L versus f V for Fe XXIV and Fe XXV respectively to show the close correlation between the two sets going down to f ∼ 10 −7 . For some transitions the velocity form were not obtained and are not included in the figures. One tolerence criterion for the R-matrix codes is that f V is not calculated for transitions for which the transition energy is extremely small. There is almost no dispersion of f L and f V for Fe XXIV even for the very weak transitions of the order of 10 −6 . Although there are some transitions in Fe XXV where the f L and f V differ by about 10% or higher, most are in closer agreement with each other.
Present f -and A-values for Fe XXIV and Fe XXV are compared with the best previous calculations and experiments in Tables 5 and 6 repectively. Most of the previous values have been compiled by the NIST (Fuhr et al. 1988; Shirai et al. 1990 ). In Table 5 most of the BPRM f -values for Fe XXIV agree quite well with those in the NIST compilation (Fuhr et al. 1988) , obtained by several investigators, such as by Cheng et al. (1979) , Armstrong et al. (1976) , Doschek et al. (1972) . Although the NIST rating for the accuracy of these transitions varies from B+ to D (< 10% − 30%), nearly all of the available f -values agree to better than 10% with the present ones. As mentioned earlier, Yan et al. (1998) have calculated the level energies and oscillator strengths for lithium like ions up to Z = 20 using Hylleras type variational method including finite nuclear mass effects. They extend the results to higher Z ions including relativistic corrections. Present f -values for Fe XXIV compare very well with their values obtained for the transitons, 2s( 2 S 1/2 ) − 2p( 2 P o 1/2,3/2 ). Present A-values agree with those by Johnson et al. (1996) obtained from relativistic third-order many-body perturbation theory to about 5% for the two transitions 2s( 2 S 1/2 ) − 2p( 2 P o 1/2,3/2 ), and by less than 1% for the two transitions, 2s( 2 S 1/2 ) − 3p( 2 P o 1/2,3/2 ). We also find very good agreement with most of the transition probabilities, A-values, by Vainshtein & Safronova (1985) obtained using the Z −1 -expansion method, which yields more accurate A-values with increasing Z. Present f-values for the transitions 2s( 2 S 1/2 ) − 2p( 2 P o 1/2,3/2 ) agree within error bars with the measured values of Buchet et al. (1984) .
The BPRM f -values for Fe XXV are compared with the previous calculations in Table 6 . Present f -values agree within 5% with detailed calculations by Drake (1979) and Johnson et al. (1995) for the dipole allowed and within 1% with Drake (1979) for the intercombination transitions, 1s
). We agree very well with Vainshtein & Safronova (1985) for the dipole allowed transition who employed the Z −1 -expansion method. Very good agreement is obtained of the present f -values with those by Lin et al. (1977a) for all the transitions compared in Table 6 . Of the transitions, 1s
2 ( 1 S 0 )−1s(3, 4, 5)p( 1,3 P o 1 ), the dipole allowed ones were calculated by Lin et al. (1977a) , and agree quite well with the present values. However, f -values for the intercombination transitions were obtained by Fuhr et al. (NIST 1988) through extrapolation of the data by Johnson & Lin (1976) . The present values differ by more than 10% with the extrapolated NIST values. Since our results are in better than 10% agreement with the actual calculated results from other investigators, it appears that the NIST data for these intercombination transitions might not be accurate. The agreement between the present results and those by Lin et al. (1977b) is better than 10% for all transitions except the two transitions 1s2s( 3 S 1 ) − 1s2p( 3 P o 0,1 ) whose f-values are of the order of 10 −3 . However, for the stronger intercombination transition 1s2s( 3 S 1 ) − 1s2p( 3 P o 2 ) the agreement with Lin et al. is about 3%, and also in good agreement with the measured value of Buchet et al. (1984) . Present f -values agree to a similar degree with those by Vainshtein & Safronova (1985) for the dipole allowed as well as the intercombination transitions.
Owing to the large volume of the present data and the number of transitions computed, the complete set of data will be made available electronically. The tables include: transition probabilities A, oscillator strengths f , and line strengths S for all the fine structure transitions. These electronic files will include the calculated level energies also for level identifications. Samples of these data are presented in Tables 7a,b for Fe XXIV and Fe XXV, respectively. Indices "i" and "k" correspond to the two levels with the even/odd parity total Jπ symmetries specified in the column headings. Transition probabilities can also be identified from the energy Tables 3 and 4 . Negative values of f ik imply E i > E k (emission), and positive values imply E i < E k . The format of the tables follow closely that of the OP (1995), with the main exception that the present results are in intermediate coupling with Jπ as the defining quantum numbers instead of SLπ.
Conclusion
Accurate and large-scale datasets of level energies and fine structure transition probabilities for Fe XXIV and Fe XXV are reported under the Iron Project. The transitions include both the dipole allowed and intercombination obtained in intermediate coupling including relativistic effects through the Breit Pauli R-matrix method (BPRM) in the close coupling approximation. Both the energies and the transition probabilities agree generally to within 1−10% with nearly all of the most accurate calculated and measured values available. It might be concluded that for highly charged ions the relativistic and QED effects omitted from consideration in the BPRM calculations should lead to an error not exceeding the estimated uncertainty. However, much more work needs to be done to investigate the precise magnitude of the various effects on increasingly complex atomic systems. Calculations are presently under way for Fe V and Fe XVI. We should expect the present data to be particularly useful in the analysis of X-ray and Extreme Ultraviolet spectra from astrophysical and laboratory sources where non-local thermodynamic equilibrium (NLTE) atomic models with many excited levels are needed.
